Empirical ground-motion models for the rotation-independent average horizontal component from shallow crustal earthquakes are derived using the PEER NGA database. The model is applicable to magnitudes 5-8.5, distances 0 -200 km, and spectral periods of 0-10 sec. In place of generic site categories (soil and rock), the site is parameterized by average shear-wave velocity in the top 30 m ͑V S30 ͒ and the depth to engineering rock (depth to V S = 1000 m / s). In addition to magnitude and style-of-faulting, the source term is also dependent on the depth to top-of-rupture: for the same magnitude and rupture distance, buried ruptures lead to larger short-period ground motions than surface ruptures. The hanging-wall effect is included with an improved model that varies smoothly as a function of the source properties (M, dip, depth), and the site location. The standard deviation is magnitude dependent with smaller magnitudes leading to larger standard deviations. The short-period standard deviation model for soil sites is also distant-dependent due to nonlinear site response, with smaller standard deviations at short distances.
INTRODUCTION
In previous ground-motion models, the range of applicability of the empirical ground-motion models was based on the range covered by the available empirical data set; however, in hazard studies, the ground motion must be computed for all relevant earthquakes, so the limits on the range of applicability were often ignored. To address this issue, the Next Generation Attenuation (NGA) project required the developers of the models to extrapolate their models such that they are applicable to all crustal earthquakes relevant for seismic hazard analyses in California: M5-M8.5 for strike-slip, M5-M8.0 for dip-slip, distance 0 -200 km, and spectral periods up to 10 seconds.
A recurring comment on the NGA project is that the empirical data is not adequate to constrain the ground motion over the entire specified range. The concept behind the NGA project is that the developers are better suited to extrapolate their models for application outside the range well constrained by the empirical data than the hazard analyst. To support the developers in this extrapolation, the NGA project used three classes of analytical models to provide the developers with constraints on the ground-motion scaling outside the range well constrained by the empirical data. These analytical models included hard-rock ground motions based on 1-D finite-fault kinematic source models a) Pacific Gas & Electric Company, 245 Market Street, San Francisco, CA 94105 b) Pacific Engineering and Analysis, 311 Pomona Ave., E1 Cerrito, CA 94546 for M6.5 to M8.25 (Collins et al. 2006 ), 3-D basin response simulations for sites in southern California (Day et al. 2006) , and equivalent-linear site response simulations (Walling et al. 2008 ).
The development of the NGA models is not simple curve fitting, but rather, it is model building that uses seismological and geotechnical information, in addition to the empirical ground-motion data, to develop the models. The NGA models are intended to begin the transition from simple empirical models to full numerical simulations for specific source-site geometries.
In this paper, we summarize our NGA model. We have made extensive use of the results from the analytical models to constrain the scaling in our empirical ground motion model. Complete descriptions of the basis for the selection of the data set, the basis for the functional form of the ground-motion model, the details of the regression analysis, and a comprehensive set of residual plots are given in Abrahamson and Silva (2008) .
DATA SET SELECTION
We selected our ground-motion data set from the NGA data base (flat-file version 7.2). Our general approach for selecting the subset of data for use in the regression analysis was to include all earthquakes, including aftershocks, from shallow crustal earthquakes in active tectonic regions under the assumption that the median ground motions from shallow crustal earthquakes at distances less than about 100 km are similar around the world. In particular, we included the Chi-Chi mainshock, Chi-Chi aftershocks, Kocaeli mainshock, and Duzce aftershock.
In the context of simple source models, we are assuming that median stress-drops are similar among different active tectonic regions with shallow crustal earthquakes (e.g., California, Alaska, Taiwan, Japan, Turkey, Italy, Greece, New Zealand, Northwest China). We tested the validity of this assumption by comparing the inter-event residuals from earthquakes in other regions with those from earthquakes in California ).
At distances greater than 100 km, differences in crustal structure can have significant effects on the ground motion leading to a change in the attenuation at large distances (e.g., Q term). Since the objective of this study is to develop ground motion models applicable to California, we excluded recordings at distances greater than 100 km from earthquakes outside of the western U.S.
(WUS).
A summary of the criteria for excluding earthquakes and recordings is given below:
• Remove Our data set consists of 2754 recordings from 135 earthquakes. The earthquakes used in our analysis are listed in Table 1 . Events not in the WUS are listed as "Other" for the event region. The NGA flat-file did not include an event class (Table 1 ) so we assigned the event classes. The classifications are not all unambiguous. For example, we classified the 1999 Ducze earthquake (EQID 138) as an aftershock of the 1999 Kocaeli earthquake since its rupture overlapped part of the Kocaeli rupture and it occurred shortly after the Kocaeli mainshock; however, this event could also have been considered to be a triggered event and classified as a mainshock since most of the rupture is on an adjacent segment of the North Anatolian fault. Since the ground motion from Duzce is lower than average for mainshocks, classifying this event as a mainshock would lead to a reduction in the median ground motion for mainshocks and an increase in the interevent standard deviation as compared to classifying it as an aftershock.
The response spectral values for the selected recordings are only used in the regression analysis for spectral frequencies greater than 1.25 times the high-pass corner frequency used in the record processing, as defined in the NGA database. This requirement produces a data set that varies as a function of period. For example, at a period of 5 seconds, the data set is reduced to 987 recordings from 64 earthquakes. The period dependence of the number of earthquakes and number of recordings used in the regression analysis is shown in Figure 1 .
SITE CLASSIFICATION
The site condition is classified using two parameters: the average shear-wave velocity in the top 30 m ͑V S30 ͒ and the depth to V S = 1.0 km/ s ͑Z 1.0 ͒. Using V S30 in place of generic soil and rock categories has the advantage that it is consistent with the site classification used in current building codes. This does not imply that 30 m is the key depth range for the site response, but rather that V S30 is correlated with the entire soil profile. Using the soil depth in addition to V S30 allows the ground-motion model to distinguish between shallow soil sites, average depth soil sites, and deep soil sites.
DISTANCE DEFINITION
In previous studies, several different distance definitions have been used for developing attenuation relations. In this study, we use the closest distance to the rupture plane, R rup , as the primary distance measure. Two additional distance measures, R JB and R x are used to model the attenuation of hanging wall effects: R JB is the closest horizontal distance to the surface projection of the rupture; R x is the horizontal distance from the top edge of the rupture, measured perpendicular to the fault strike. The magnitude-distance distributions for PGA and T = 5 sec are shown in Figure 2 . 
FUNCTIONAL FORM OF THE MODEL
The development of the functional form for our ground-motion model is described in detail in Abrahamson and Silva (2008) . There are five key changes to the functional form as compared to our previous model (Abrahamson and Silva 1997) : (1) V S30 is used in place of generic soil and rock categories and the V S30 dependence of the nonlinear site response effects are included; (2) the effect of soil depth is included for long periods; (3) the model distinguishes between buried and surface ruptures; (4) the hanging- wall effect model is improved so that it will vary smoothly based on the source properties (M, dip, depth) and site location; and (5) the effects of nonlinear site response are incorporated into the standard deviation.
Incorporating these five changes has made the functional form of our ground-motion model much more complicated than in our previous model. In some cases, these changes lead to significant changes in the median and standard deviation of the ground-motion. For example, the buried rupture effect can change the median ground-motion by up to a factor of 2 for short periods; the soil depth effect can change the median ground-motion by up to a factor of 4 for long periods; the improved smoothing of the hanging-wall effect can change the median ground motion on the HW by up to a factor of 2 for short periods; and accounting for nonlinear effects in the standard deviation can reduce the standard deviation by up to 0.18 natural log units. The new ground-motion data and the analytical model results allow for robust estimation of these effects. We did not add the additional complexity to the model without good cause. We believe that these changes represent major improvements to our previous ground-motion model that justifies the additional complexity in our model.
EQUATIONS FOR THE MEDIAN GROUND MOTION
The model for the median ground motion is given by:
The parameters in Equation 1 are defined in Table 2 . The functional forms for f 1 , f 4 , f 5 , f 6 , f 7 , f 8 , and f 10 are given below.
Base Model
The base form of the magnitude and distance dependence for strike-slip earthquakes is the same as our 1997 model and is given by:
where 
Four of the Chi-Chi (EQID 172, 173, 174, and 175) show a much more negative distance slope (e.g., steeper slope) than the other earthquakes in our data set. Given this difference, we did not want these data to have a large impact on the distance scaling of our model. Therefore, we included a separate coefficient for the ln(R) term for these four aftershocks (see Abrahamson and Silva 2008 ). We did not simply exclude the data for these four Chi-Chi aftershocks from our data set because they are important for constraining other aspects of the ground motion model such as site response and intra-event variability.
Site Response Model
Our 1997 model included nonlinear soil response effects for generic soil sites. In our new model, the site is characterized by V S30 , so the nonlinear soil model was modified to incorporate a V S30 dependence. We define a shear-wave velocity, V LIN , above which the site response is linear. The model for the nonlinear site response was selected so that it becomes proportional to ln͑V S30 ͒ as the input motion ͑PĜ A 1100 ͒ becomes small and as the V S30 approaches to V LIN . We define a second shear-wave velocity, V 1 , above which there is no scaling with V S30 . An example of the relation of the V LIN and V 1 parameters to the site response scaling is shown in Figure 3 . For V S30 Ͼ V LIN , there is no dependence on the PGA 1100 ; for V S30 Ͼ V 1 , there is no dependence on V S30 . We adopted the form of the nonlinear site response developed by Walling et al. (2008) : 
where
The nonlinear site response terms ͑b , c , n , V LIN ͒ were constrained by the results of the 1-D analytical site response model using the Peninsula Range soil model (Walling et al. 2008) . Only the a 10 term was estimated in the regression analysis.
Hanging-Wall Model
Our 1997 model included a hanging wall (HW) factor, but the model lead to jumps in the HW scaling for some cases and it was not clear how to apply the model for steeply dipping faults. To avoid these shortcomings, the new model includes five tapers to produce a smoothly varying HW effect. The model for the HW effect is given by:
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The first three tapers (T 1 , T 2 , and T 3 ) were constrained by the 1-D rock simulations and by the data from the Chi-Chi mainshock. The last two tapers (T 4 and T 5 ) were constrained by the events with well-recorded HW effects. Only the a 14 term was estimated in the regression analysis.
Depth-to-Top of Rupture Model
The Abrahamson and Silva (1997) model did not include a depth-to-top of rupture faulting dependence. Differences in the ground motions for surface and buried ruptures have been postulated by Somerville and Pitarka (2006) . A key issue for incorporating a depth-to-top of rupture dependence is that there is a correlation of magnitude and depthto-top of rupture: large earthquakes tend to rupture to the surface, whereas small earthquakes tend to be at depth. To address this correlation issue, we evaluated the depth dependence using a limited magnitude range (M5-M6) and found that there was still is a clear depth-to-top of rupture dependence (see Abrahamson and Silva 2008) . Therefore, we included a depth-top-top of rupture dependence in our new model:
Large Distance Model
The NGA data set does not contain many recordings from small magnitude (M4-M5) earthquakes at large distances ͑R rup Ͼ 100 km͒. As a result, the distance attenuation is not well constrained for moderate magnitudes. Our previous model did not address this data set deficiency. There is a large amount of data from moderate magnitude earthquakes recorded at large distances from networks that are not part of the traditional strong motion networks and were not included in the NGA data set. Broadband networks recordings from three small (M4) California earthquakes were used to constrain the large distance attenuation for small and moderate magnitude earthquakes . Based on these data, the large distance attenuation of the moderate magnitude earthquakes is modeled by All of these terms are constrained outside of the regression analysis.
Soil Depth Model
Our previous model made no distinction between shallow soil sites and deep soil sites. A key difficulty has been that the soil depths have not been well determined for the strong motion data set. The NGA data set contains estimates of the depth of the soil (e.g., Z 1.0 ) for about 1/4 of the data, but some significant inconsistencies between the V S30 and soil depths indicate that this parameter is not well constrained.
The analytical models show a strong dependence of the long-period ground motion on the soil depth. We consider many of the Z 1.0 estimates in the flat-file to be unreliable, but we believe that there should be a soil-depth dependence for long periods. Therefore, the soil-depth scaling was completely constrained by the analytical site response models. 
Constant Displacement Model
At long spectral periods, the response spectrum for rock sites will reach a constant displacement. The period at which the rock ͑V S30 = 1100 m / s͒ spectrum reaches a constant displacement is denoted T D . The point-source stochastic model and the 1-D rock simulations were used to evaluate the magnitude-dependence of T D . The resulting model for T D is given by:
For spectral periods greater than T D , the rock spectral acceleration is first computed at T=T D . The rock spectral acceleration at period T is then computed by scaling the rock spectral acceleration at period T D by ͑T D /T͒ 2 for constant spectral displacement. The site response and soil depth scaling is then applied to the rock spectral acceleration. The computation of the spectral acceleration for T Ͼ T D is shown in Equation 22. The random-effects model was used for the regression analysis following the procedure described by Abrahamson and Youngs (1992) with modifications for the effects of the nonlinear site response on the standard deviations as described in Abrahamson and Silva (2008) . The random-effects method leads to two types of residuals: inter-event residuals and intra-event residuals. The inter-event residuals are for outcrop rock motion.
The standard deviation in the linear site response range is dependent on the earthquake magnitude. In the nonlinear range, if the input rock motion is higher than average, then the amplification will be smaller and if the input rock motion is lower than average, then the amplification will be greater. As a result, the both the intra-event and inter-event variability of the soil ground motion is reduced for large PĜ A 1100 . Incorporating the effect of the soil nonlinearity on the inter-event and intra-event standard deviations leads to complicated forms that depends on the PĜ A 1100 and on the correlation of the residuals at PGA and other spectral periods. The amplitude dependence of the intra-event and inter-event standard deviations is computed through simple propagation of variance. To propagate the variance, additional intermediate standard deviations are defined: 0 and 0 are the intra-event and inter-event standard deviation of the observed ground motions for low levels of outcrop rock motion (e.g., linear site response range) which come directly from the regression analysis; B and B are the intra-event and inter-event standard deviations of the input rock motion; and amp as the intra-event variability of the site amplification factors. The observed intra-event variability for the linear range is a combination of the intra-event variability of the input rock motion and the variability of the site amplification. Assuming these terms are independent:
We assume that amp ͑T͒ = 0.3 for all periods based on the 1-D site response simulation results. For the inter-event variability, the observed inter-event variability for the linear range is just the inter-event variability of the input rock motion, so B ͑M , T͒ = 0 ͑M , T͒.
Propagating the variances, the intra-event standard deviation is given by 
REGRESSION RESULTS
Our model includes a large number of coefficients; a recurring issue raised regarding our model is the model complexity. There has been a concern that the model is overparameterized such that the parameters cannot be reliably estimated from the empirical data, particularly at long periods ͑T Ͼ 5 sec͒ for which the data set becomes much smaller (Figure 1) . Much of the model complexity is associated with nonlinear site response and soil depth scaling which are fully constrained outside of the regression analysis. Table 3 indicates which parameters are constrained and which are estimated as part of the regression. For periods greater than 5 seconds, several parameters (a 2 , a 12 , a 13 , a 16 , and a 18 ) are fixed at their values for 2 -4 seconds since they could not be constrained by the data. Compared with our 1997 model, our new model includes only three additional coefficients that are computed in the regression: style-of-faulting factor for normal faults ͑a 13 ͒, aftershock factor ͑a 15 ͒, and depth-to-top of rupture scaling ͑a 16 ͒.
To arrive at a smooth model, the coefficients were smoothed in a series of steps. The details of this smoothing are described in Abrahamson and Silva (2008) . The final smoothed coefficients for the median ground motion are listed in Tables 4, 5a , and 5b. The coefficients for the standard deviation models are listed in Table 6 . The standard The standard errors of the estimated parameters and the correlations of the estimates are given in Abrahamson and Silva (2008) . Correlations of the inter-event and intraevent residuals, required for vector hazard and conditional mean spectra, are also given in Abrahamson and Silva (2008) . 
RESIDUALS
The regression analysis described in Abrahamson and Silva (2008) included two additional terms to account for differences in the distance attenuation from four Chi-Chi aftershocks and from attenuation off the end of the rupture from the Chi-Chi mainshock. Those terms are not part of our final model for estimating ground motions in California so they are not included in Equation 1, but they are included in the computation of the residuals. A complete discussion of these additional terms is given in Abrahamson and Silva (2008) .
A key issue for the NGA models has been the impact of data from outside of California, in particular the large amount of data from the Chi-Chi earthquake sequence. Use of the random-effects method accounts for the correlation in the data from a single earthquake and prevents well-recorded earthquakes from dominating the regression. Examples of the magnitude and depth-to-top dependence of the inter-event residuals for T = 0.2 sec are shown in Figure 4 . The residuals are separated by region and show that there is not a systematic trend in the residuals for the different regions. For M Ͼ 7.5, the inter-event residuals are biased to negative values. This is a consequence of the constraint of full saturation. If allowed to fit the data, the model would have lead to oversaturation.
Examples of the distance, V S30 , and PGA 1100 dependence of the intra-event residuals for T = 0.2 sec are shown in Figure 5 . These figures show that there is no significant trend in the residuals. A complete set of residual plots for a wide range of spectral periods is given in Abrahamson and Silva (2008) . 
MODEL RESULTS

MEDIAN GROUND MOTION
The median response spectra for the current model are shown in Figure 6 for vertical strike-slip earthquakes at an R JB distance of 30 km. For this case, the Z top values are 6, 3, 1, and 0 for magnitudes 5, 6, 7, and 8, respectively. The Z 1.0 values are set at the median for the given V S30 (Z 1.0 =34 m, 144 m, and 492 m for V S30 = 760, 550, and 270 m / s, respectively). Figure 6 shows that the median spectra from the current model 
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are very similar to the spectra from our previous model (Abrahamson and Silva 1997) for soil sites ͑V S30 = 270 m / s͒ at a distance of 30 km. Most of the data used by Abrahamson and Silva (1997) are from soil sites and the center of the data is near 30 km, so this agreement is expected. Figure 6 also shows the comparison for the same case (strike-slip, 30 km), but for rock sites. The spectra for the current model are computed using V S30 = 760 m / s for rock, consistent with national hazard maps. For rock sites, the ground motions from the current model are significantly lower than the previous model. Part of this difference is due to the definition of rock. For the current model, we have used V S30 = 760 m / s for rock, whereas the generic rock used in Abrahamson and Silva (1997) corresponds to an average of about 550 m / s. The lower frame in Figure 6 compares the Abrahamson and Silva (1997) rock spectra to the current model using V S30 = 550 m / s. With this lower The soil spectra for vertical strike-slip earthquakes for R JB =1 km are shown in the left frame of Figure 7 . For M6, the models are similar, but for larger magnitudes, the current model leads to lower median ground motion at this short distance, reflecting the lower ground motions observed at short distances in recent large-magnitude earthquakes. The rock spectra for this same case are shown in the right frame of Figure 7 using V S30 = 550 m / s. The M6 spectrum for the current model is very similar to the previous model. At larger magnitudes, the saturation is stronger in the current model.
The distance scaling is shown in Figure 8 for PGA and spectral periods of 0.2, 1.0, and 3.0 seconds. In this figure, the median ground motion from vertical strike-slip earthquakes on rock site conditions ͑V S30 = 760 m / s͒ is shown.
The magnitude scaling of the current model is shown in Figure 9 for vertical strikeslip earthquakes on rock site conditions ͑V S30 = 760 m / s͒ for T = 0.2 and T = 3.0 seconds. The weak scaling of the short-period motion at short distances reflects the saturation with magnitude.
An example of the hanging-wall scaling is shown in Figure 10 for PGA on rock site conditions ͑V S30 = 760 m / s͒ for an M6.7 reverse earthquake with a 45 degree dip. This figure shows that for surface ruptures, there is a step in the ground motion from the FW to the HW, but that for buried ruptures, there is a smooth transition. The short-period ground motion for buried ruptures is larger than the short period ground motion for surface ruptures at most locations even though the rupture distances are larger for the buried rupture. This is due to the scaling with Z TOR . Figure 11 shows the differences between FW and HW motions as a function of the rupture distance. It also shows the increase in the short-period ground-motion for buried ruptures as compared to surface ruptures. For the buried rupture example, the PGA increases as the site moves over the rupture even though the rupture distance is increasing.
The site response scaling for M7 vertical strike-slip earthquakes at a rupture distance of 30 km is shown in Figures 12 and 13: Figure 12 shows the dependence of the spectra on the V S30 and Figure 13 shows that dependence of the spectra on the Z 1.0 for a soil site For each pair, the amplification with respect to V S30 = 1100 m / s and Z 1.0 =0 m was computed using our NGA model. The amplifications were then fit to a function of Z 1.0 to estimate the total scaling with Z 1.0 from our model. The resulting net Z 1.0 scaling from our model is compared to the SCEC scaling in Figure 15 for periods of 3 and 10 seconds. For deep sites ͑Z 1.0 Ͼ 200 m͒, the Z 1.0 scaling in our model was constrained by the scaling from the SCEC model, shown by the agreement in the Z 1.0 scaling between our model and the SCEC model.
STANDARD DEVIATION
The period and magnitude dependence of the total standard deviation (combined inter-event and intra-event standard deviations) is shown in Figure 16 for vertical strikeslip earthquakes at a R JB distance of 30 km. For M5 at short periods, the standard deviations from the current model are similar to the standard deviation from Abrahamson and Silva (1997) , but a long periods, the new model leads to smaller standard deviations as the magnitude dependence of the standard deviation decreases at long periods. For M7 at soil sites, the standard deviations at short periods ͑T Ͻ 2 sec͒ are larger in the current model as compared to our previous model, reflecting the larger intra-event standard deviations observed in the recent large magnitude earthquakes. For rock sites, the short period standard deviations are larger than for soil sites. The reduction in the standard deviation for soil sites is due to the soil nonlinearity.
The effect of the soil nonlinearity on the standard deviation leads to a distance dependence of the standard deviation with smaller standard deviations at short distances. The distance dependence of the T = 0.2 sec standard deviation is shown in Figure 17 for vertical strike-slip earthquakes. For rock sites, the standard deviation is independent of distance, but for soil sites, there is a strong distance dependence. 
APPLICATION GUIDELINES HANGING-WALL EFFECTS
The hanging-wall scaling was derived from only reverse faulting earthquakes. An issue is whether these HW factors are also applicable for normal faulting earthquakes. We believe that the HW factor is primarily a source-site geometry issue. Therefore, we recommend applying the HW factors to normal faulting earthquakes. We will revisit this recommendation as results from ongoing studies of hanging-wall effects for normal faults become available. 
DETERMINISTIC GROUND MOTIONS AND SOIL NON-LINEARITY
Our ground-motion model uses PGA 1100 to quantify the strength of shaking for the soil nonlinearity. Equation 4 uses the median PGA 1100 . If a deterministic analysis is conducted for the 84th percentile ground motion, then it may seem that the 84th percentile PGA 1100 should be used in Equation 4, but that is not appropriate. The increased nonlinearity for the 84th percentile PGA 1100 is already included in the standard deviation model. The median PGA 1100 should be used in our model even for deterministic analyses with above median ground motions.
V S30 AND THE STANDARD DEVIATION
Two models for the standard deviation are given: one if the V S30 is measured at the site and one if the V S30 is estimated. For our data set, the error in the ln͑V S30 ͒ is estimated to be 0.28 natural log units, on average. If the standard deviation model based on estimated V S30 is used, then the standard deviation accommodates about 30% uncertainty in the V S30 . Therefore, it is not necessary to consider a range of V S30 values if the V S30 is accurate to within 30%. If the measured V S30 standard deviation model is used, then the uncertainty in the measurement of V S30 should be estimated by using a range of V S30 values. 
